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INTRODUCTION. 



The purposes of the experimental investigation on the performance 
of air propellers described in the following report were as follows: 

(1) The development of a series of design factors and coefficients 
drawn from model forms distributed with some regularity over the 
field of air-propeller design and intended to furnish a basis of check 
with similar work done in other aerodynamic laboratories { andas a 
point of departure for the further study of special or individual 
types and forms. 

(2) The establishment of a series of experimental values derived 
from models and intended for later use as a basis for comparison 
with similar results drawn from certain selected full-sized forms and 
tested in free flight 

The report comprises three parts, as follows: 

L The aerodynamic laboratory at Stanford University and the 
equipment installed with special reference to tests on air propellers. 

IL Tests on 48 model forms of air propellers, with analysis and 
discussion of results and presentation of the same in graphical form. 

III. A brief discussion of the law of similitude as affecting the 
relation between the results derived from model forms and those to 
be anticipated from full-sized forms. 

The design of the aerodynaamc laboratory described in the present 
report, with its instrumental equipment, the planning of the experi- 
mental work on the air propellers, the design of the propellers and of 
the equipment for their construction, together with the preparation 
of the report in its present form, are the joint work of the present 
author and of Prof. E. P. Lesley, of Stanford University. To the 
latter is due most of the details of instrumental equipment and the 
entire supervision of the experimental work since April, 1917, when 
the present writer was called to Washington, D. C. 
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REPORT No. 14. 

PART I. 



THE AERODYNAMIC LABORATORY AT LELAND STANFORD 
JUNIOR UNIVERSITY AND THE EQUIPMENT INSTALLED 
WITH SPECIAL REFERENCE TO TESTS ON AIR PROPELLERS. 

By William F. Dueand. 



THE AERODYNAMIC LABORATORY OP THE LELAND STANFORD JUNIOR 

UNIVERSITY. 

The aerodynamic laboratory at Stanford TTniveoraity was installed 
during the fall and winter of 1916-17. The immediate purpose in 
view was the provision of an equipment for the carrying on of an 
extended investigation on air propellers, the first stage of which was 
planned for the year 1917. 




♦ 

After due consideration, and with special reference to the facility 
of making observations, adjustments, etc., the so-called Eiffel type 
of wind tunnel was adopted. ^ As is well known, this consists essen- 
tially of three elements as indicated in figure 1 — the collector A 7 
the diffuser B 7 and the experiment chamber G. At the end of the 
diffuser is located an exhaust fan D, which operates to draw the air 
from the diffuser and deliver it to the room in which the tunnel is 
located. This draft of air from the diffuser may be viewed as pro- 
ducing a reduced pressure in the experiment room, which is prac- 
tically air-tight otherwise except iov the entrance through the col- 
lector. In answer to this depression (difference of pressure between 
the experiment room and that in the surrounding room on the 
outside), the air flows as through a nozzle, in through, the collector, 
across the experiment room to the inner mouth of the diffuser, and 
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thence on to the fan. The column of air thus flowing througtuthe 
experiment room is then available for purposes of aerodynamic 
investigation. 

The cross section was taken circular and the diameter of the 
throat was fixed at 5.5 feet as presumably suited to a propeller 
model 3 feet in diameter, a size large enough to give not too wide 
a step in passing by a law of comparison from model results to those 
for full-sized forms. 

The principal dimensions, jgeneral arrangement, and structural 
details of the tunnel and experiment room are shown on the attached 
plans, Plates I and II, and figures 3 and 4. 




Fra. 2. 



Aside from structual details, the chief problem in the design of 
the wind tunnel related to the forms of tne collector and diffuser. 
These were developed as follows: 

t Suitable lengths were first chosen for. the collector and for the 
diffuser. These are indicated in figure 2, at AO and AD on the 
axis OD. The point A represents the throat of the Venturi tube at 
the experiment chamber. Then to a suitable scale the ordinate 
AB was laid off representing the throat speed, say 60 miles per hour. 

Neglecting the slight change in density along the path of the air, 
the entry and exit speeds will have one-fourth this value or 15 miles 
per hour. These are laid up as ordinates at 0 and D. A smooth 
curve was then drawn in through EBF and continued back to meet 
the axis OD at the point 0. 




FiQ. 3. 
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Fig, 4. 
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The curve OEBFwbs then assumed as a graphical history of the 
air speed on distance, the part from O to A referring to the collector 
and the part from A to D to the diffuser. The curve OE for an axial 
distance 00 may then be assumed to refer to the history of the ve- 
locity of the air outside the collector and during which it is accelerated 
from the low or inconsiderable speed of return to the speed of 15 miles 
per hour at O. It should be noted that the curve OEIfFwas laid in as 
a smooth continuous curve showing easy and gradual acceleration 
and retardation as distributed along the distance axis OD. It was 
then thought desirable to judge tne same distribution of velocity 
but on a time axis. To this end the transformation indicated in the 
diagram was effected. Considering OEBF as a curve of dzfdt, the 
reciprocal of this curve was laid off as indicated giving a curve of 
dt/dx on an x axis. The integral curve of this was then run in as 
shown at OJ? giving a; as a function of t } or f as a function of z. 0 % Q 
thus becomes an axis of time t and the curve EBFoi velocity on dis- 
tance is readily transformed into the curve EjB^ of velocity on time 
by the construction indicated. Any ordinate as AB is continued to 
the curve <?,P and from the point of intersection B an ordinate A X B 
is drawn and from A t a distance A& =AB is set up giving the velocity 
at the time 0^ from the assumed origin at 0<. A similar construc- 
tion for the other points gives tie curve E^F X as the time distri- 
bution of the velocity inpassing through the tunnel, apart from the 
experiment chamber. The form of this curve was again considered 
by tiie eye, and between the two a final form of curve for velocity on 
distance was chosen. Again neglecting change in density, these values 
of the velocity serve to determine the cross sections of the tunnel as 
compared with the section at the throat, 5.5 feet diameter. 

Again considering the collector as a large nozzle into which the air 
is flowing as the result of a reduction of pressure in the experiment 
chamber and under the well-known laws for the flow of gases, it was 
found that the changes in density involved were too small to intro- 
duce any sensible change in the law of the distribution of velocity 
for the section areas assumed, or in the section areas for the velocities 
as shown by the accepted curve. 

In this general man er the curves for the two parts of the tunnel 
were determined. Actually, of course, the width of the experiment 
chamber intervenes at the throat point A, but this fact does not 
introduce any difference in the character of the curves as showing 
the presumptive history of the wind velocity on its way along the 
collector and the diffuser. 

At the end of the diffuser and just before reaching the propeller 
exhaust fan, the form of the diffuser was slightly modified by bringing 
the curve of cross-section areas in shghfly so that the areas are 
sensibly uniform just before reaching the fan location at the exit 
end of the diffuser. 

In order to secure the desired uniformity in flow at the entrance 
into the chamber from the mouth of the collector, a honeycomb 
structure was built in the delivery end composed of hexagonal cells 
3 inches in diameter and 10 inches long (fig. 5 J. These are of builders' 
roofing tin and are soldered at the edges forming a stiff and true 
structure with thin walls and presenting the minimum resistance to 
the flow of the air. 

In order the better to collect the air at the entry end of the diffuser, 
an inward projecting flaring rim was fitted as shown in the drawings. 
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PROPELLER PAN. 

The exhaust fan at the outer end of the diffuaer is of the propeller 
type, 4 blades, 11 feet in diameter and with a mean pitch of approx- 
imately 5.3 feet. The pitch is distributed on the Drzewiecki system 
assuming an advance oi 4 feet per revolution with an angle of inci- 
dence of 3°. This gives values of the pitch on radius as shown in 
Table 1. The form of the blade contour, shape and character of 
blade sections, and mode of construction are all sufficiently shown 
by the drawing, Plate III. 

Table I,— Dimensions of fan propeller. 



Eedius. 


Fitch. 


Width 
of blade. 


Maxi- 
mum 
thick- 
ness. 


Feet. 


Feet. 


Inche*. 


Inchet. 


1.0 


4.50 


11.0 


2,50 


1.5 


4.60 


11.6 


2,05 


2.0 


4.74 


11.8 


1.66 


2.5 


4.88 


12.3 


1.55 


8.0 


6.05 


12.3 


1.35 


3.5 


5.24 


12.3 


1.25 


4.0 


5.40 


12.3 


1.07 


4.5 


5.56 


12.3 


.00 


0.0 


5.72 


12,0 


.75 



The propeller fan is driven, through a belt connection from a 20- 
horsepower constant-speed induction motor. Such changes in wind 
speed as are desired in the program of propeller tests are obtained 
by changes in the size of the drive pulley on the motor shaft. The 
general plan of the jpropeller tests contemplates sensibly constant 
wind speed for any given run of tests and variable revolutions of the 
test propeller. This permits a constant motor speed for the fan pro- 
peller for any given run of the model propeller with variations in slip 
and other conditions secured by varying the revolutions of the model 
propeller. In the actual tests as reported later, the runs were made 
approximately at two wind speeds, approximately 30 miles per hour 
and 40 miles per hour and corresponding approximately to 220 and 
310 revolutions per minute of the fan propeller. In order to secure 
extreme slips, with, the power available^ certain propellers were also 
run. with a wind velocity of about 20 miles per hour. 

MISCELLANEOUS DETAILS OP CONSTRUCTION. 

No attempt will be made to give full structural details of the equip- 
ment. These must in any case be determined largely by the special 
circumstances of the case. A few of the more important structural 
features may, however, be noted. 

The form of the collector and diffuser tubes was determined by 
circular frames made by nailing up a double ring of seven-eightJas 
inch board segments, sawn to the proper curvature on one side, thus 
forming a strong ring of wood 1| inches thick. These rings were then 
fastened to uprights made of 2 by 4 inch scantling spaced about 2 feet 
between centers and so adjusted vertically as to line up with the axis 
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of the tunnel about 8 feet 9 inches above the floor of the room. These 
circular rings spaced out in this manner and each of appropriate 
diameter, give thus a series of transverse sections of the tunnel The 
next step was to run longitudinal battens seven-eighths inch thick by 
2 inches wide along the inside of these rings spacing them equally 
around the circumference/ These battens were spaced about 6 inches 
between centers at the small end and double that amount, or 12 inches, 
at the large end.^ This entire framework when set up, cross braced, 
stayed to the building, roof and floor, made a very stiff and secure 
skeleton on which to lay the inner covering forming the shell of the 
tunnel itself. This covering was of a good quality of heavy cotton 
sheeting laid on and stretched with care and secured along each 
longitudinal batten by running on the inside a small airplane batten 
approximately one-fourth inch thick at the center by three-fourths 
inch wide, thus holding the fabric down on the large "battens. 

The fabric was then treated with a standard airplane wing "dope" 
(celluloid dissolved in acetone), varnished and rubbed down to a 
smooth finish. At the propeller-fan end for a distance of about 4 feet 
the number of longitudinal battens was doubled and for a distance of 
1£ feet the inside of the tunnel was covered with galvanized sheet iron 
in order to give necessary stiffness in the immediate vicinity of the 
tips of the blades of the fan. This general procedure gave a tunnel 
with a smooth, true and fair surface, conforming to the law of cross* 
sectional areas as determined, and, as later test showed^ stable and 
without sensible vibration or disturbance under the highest wind 
velocities employed. 

The experiment room was made of matched boarding laid on the 
inside of joists and studding spaced about 18 inches between centers. 
The highest wind speeds contemplated were not much above 60 miles 
per hour, and with a reasonable coefficient of flow through the col- 
lector tube this would require a reduction of pressure in the experi- 
ment room not much exceeding 10 or 12 pounds per square foot. 
This is a very moderate load, and no trouble was experienced in 
caxrying it with ordinary framing covered with the matched boarding, 
as indicated. To give light in the experiment room, two window 
sashes were fitted and the glass was reinforced on the inside with 
supports, reducing the size of pane to the equivalent of about 9 by 
10 inches. 

The room was made practically air-tight by; papering on the inside 
with heavy builder's paper laid on with a specially heavy paste. For 
entry and exit an airlock was provided with doors closing on suitable 
packing strips and fitted with self-adjusting hinges, allowing dose 
contact between door and packing. With this general character of 
construction, the experiment room was readily made substantially 
air-tight and of strength sufficient to carry the load due to the excess 
pressure of the outer air above that maintained in the chamber. 

SPECIAL EQUIPMENT. 

The special equipment for propeller testing comprises the following 
items: 

Thrust dynamometer. 
Torque dynamometer. 
[Revolution counter. 
Air-speed meter. 
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(l) THRUST DYNAMOMETER. 

The general arrangement of this apparatus is shown in the draw- 
ing, Plate IV, and will be clear with a minimum of textual description. 
Hie general form of the apparatus was so designed as ttrplace the 
propeller approximately 1£ diameters forward of any sensible obstruc- 
tion in the path of the air stream, and even here the standard is given 
a sharp forward and after edge and stream line form in order to 
minimize any-possible reaction on the propeller itself. 

The propeller is carried on the forward end of a shaft 11 inches in 
diameter, which runs in ring oilingj cylindrical, bronze bearings. This 
shaft is driven without longitudinal constraint through a yoke at 
the rear end having hardened steel flat longitudinal surfaces which 
engage with small T>aH-bearing steel rollers on a companion yoke 
carried by a bevel gear. This oevel gear runs on ball bearings out- 
side the nub, which is bored to provide freedom from contact with 
the propeller shaft. The driving motor, a 7.5-horsepower direct- 
current motor is placed well over at the side, entirely out of the wind 
stream and drives the propeller shaft through bevel gearing and the 
yokes mentioned. In this manner the propeller shaft is subject to 
angular compulsion only so far as the motor drive is concerned. It 
is entirely free to move longitudinally as may be determined by the 
other forces in play. These other forces are the pull (or thrust) due 
to the propeller itself and some form of weighing or measuring device 
calculated to control and balance such pull (or thrust). To this end 
the propeller shaft is furnished with two ball-bearing thrusts which 
connect- through hardened-steel knife-edges with a vertical lever as 
shown in Plate IV. This lever is attached to a shaft which extends 
outside the standard, well beyond the wind stream where it-carries a 
horizontal scale beam with suitable weights. An adjusting weight 
in tiie casing serves to adjust the center of gravity of the device lor 
sensitiveness of movement, and suitable stops control the range of 
travel of the vertical arm, and hence the horizontal travel of the pro- 
peller shaft. 

This arrangement furnishes a sensitive and reliable means of meas- 
uring longitudinal forces developed by the propeller and without 
constraint due to the motor drive. The frictional forces involved 
when the shaft is in rotation are so small as to be quite negligible in 
comparison with the propeller forces involved but even these, small 
as they are, may readily be eliminated by suitable calibration. 

(2) TORQUE DYNAMOMETER. 

The general arrangement of the torque dynamometer is shown in 
Plate V. The motor shaft is extended to the casing of the thrust 
dynamometer stand and is cut for the insertion of a special coiled 
spring. The torque on the motor shaft is then measured by the tor- 
sion of this spring. To measure this torsion two fiber disks are fitted 
to the shaft, one on either side of the spring, actually at A and B, as 
shown. These disks carry a narrow metal strip on the edge to serve 
as an electric contact. The contacts are electrically connected to 
the shaft and hence to each other. A fixed brush resting on the face 
of the disk A is carried by the dynamometer frame. From this brush 
is led an electric conductor, first to a battery, then to a telephone 
receiver, and then to a second brush mounted over the disk B, as 
shown in figure 6. It is clear that if the contacts on the disks pass 




Fig. 6. 



Fig. 7. 
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under tlie brushes simultaneously the circuits will be closed for the 
instant and a click will be heard in the telephone receiver. If they 
do not pass simultaneously, the circuit will not be closed and no click 
will be heard.. Suppose then, with no torque on the shaft, the brush 
carrier at B is so adjusted as to give simultaneous contacts and a 
click in the receiver is heard:- then with a load thrown on and a re- 
sultant torque the spring will twist, the contacts will no longer be 
simultaneous, and no click will be heard. Then the brush holder at 
B can be moved around to a point where the contacts will again be 
simultaneous and the click will be picked up again. Obviously the 
angle through which the movable brush holder is earned in order to 
thus compensate for the twist in the drive spring will measure the 
angle of spring torsion, and thus by suitable calibration, as described 
later, is readily translated into torque moment. 

(3J EEVOLUTION COUNTER* 

The revolutions are counted by the movement on a drum, geared 
down by double worm-gear drive and so adjusted in diameter that 
1 inch of travel on the lace of a paper strip carried on the drum is 
just 50 revolutions. The drum is appropriately mounted on a frame 
with pencil carrier and with electric connection to a seconds beating 
pendulum. In operation the drum revolves and the pencil resting 
on the paper draws a line with jogs introduced by the click at second 
intervals. A given length of time is thus translated into revolutions 
and the revolutions per minute thence readily determined. A gen- 
eral view of this apparatus is shown in figure 7. 

(4) AIR-SPEED METER. 

The ultimate measure of air speed was based on the Pitot tube. 
The type employed is that made by the American Blower Co. and 
known as the A. B. C. tube* In this tyjje the static pressure is indi- 
cated through air holes of about 0.02-inch diameter. Exhaustive 
test for this pattern of tube has indicated that its coefficient may be 
taken as sensibly unity, and for all experimental work, as described 
later, such coefficient has been assumed. It is, however, not con- 
venient to make, in connection with each observation^ a series of 
Pitot tube readings on air velocity, and to avoid this a series of careful 
determinations were made between the depression (difference in pres- 
sure outside and within the experiment room), considered as an air- 
pressure head, and the resulting velocity at the propeller location 
within the experiment room. This relation measures in effect the 
efficiency of the collector and honeycomb baffle, viewed as an orifice. 
The relation thus developed was as follows: 

Velocity head -0.876 (Px-P,) 

where P t and P 3 denote the pressure heads without and within the 
experiment room. 

The lost energy indicated by the difference between this and 100 
per cent is distributed presumably among the following items: 

(1) Friction resistance of collector surface. 

(2) Eeaistance due to honeycomb baffle. 

(3) General turbulence. 

(4) Some slight spreading of the stream at the propeller location, with lower 

velocity as compared with that just at the delivery end of the collector. 
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With this relation between air velocity and experiment chamber 
depression assumed, a sensitive pressure indicator showing the 
pressure head between the experiment chamber and the surrounding 
room serves as an instantaneous air speed indicator. 

Such pressure indicator is secured by the device shown in figure 8 
and weighing to one-hundredth of a poundper square foot. The 
device as shown consists of two manometricceDs earned each on oppo- 
site ends of a sensitive balance. The lower ends of the cells dip under 
coal oil. the space above the liquid being connected in one case to the 
air in the experiment chamber and in the other to the air in the sur- 
rounding room. The zero position of the scale is determined with 
both cups connected to the outer room. With one connected to the 
experiment room, the balance becomes disturbed, and the weights 
added to restore equilibrium furnish a direct measure of the depression 
within the experiment room. These indications calibrated against 
the Pitot tube measures of speed give then the direct relation desired 
between the measure of the depression and the air speed at the pro- 
peller position. The weights for the balance were 01 such mass as to 
give readings of pressure directly in pounds per square foot. These 
readings axe independent of the fluid used. Coal oil was selected, as 
it kept the cans wet and there was no variation in the meniscus. 

TESTS AND CALIBRATIONS OP APPARATUS. 

AIR PROPELLER. 

No matter what the type of air. tunnel, the circuit may be con- 
sidered as closed. If the circuit is complete and such as to hold the 
air under restraint throughout the entire round, the closed character 
is evident. If as in the Eiffel type the air is delivered to one end 
of a room and drawn from the other, the return outside the tunnel 
may be viewed as through the room. The room may furthermore 
be considered as of any size, and in the extreme case we may sup- 
pose it infinite in dimension, in which case the air may be considered 
as delivered at one point and drawn in at another. 

Frozn this viewpoint the problem is, therefore, that of establishing 
and maintaining a continuous flow of air in a closed circuit. The 
energy required will then be obviously the energy dissipated in the 
circuit If no energy were so dissipated, the air circuit once set up 
would continue indefinitely. There is, however, a continual dissipa- 
tion of energy in the form of turbulence due to surface resistance 
and unavoidable formation of eddies and irregular turbulent motion. 
This loss the fan or its equivalent must supply. 

In considering the operation of the fan we may most conveniently 
compare the power actually required at the fan with the kinetic 
energy in the air flowing through the throat of the circuit. This 
gives then a comparison between the energy dissipated in the total 
circuit including the fan and the kinetic energy in the air at the 
throat. 

Assuming normal atmospheric pressure and temperature in the 
outside room, and with due allowance for the slightly diminished 
density at the collector delivery, we find for the kinetic energy at this 
point the values shown in Table 2, column 3, while test of actual fan 
input showed the values as given in column 4. These values indicate 
for the speeds employed a relation given substantially by the fol- 
lowing: 
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Energy dissipated —0.86 X kinetic energy of air at throat 
The relation of wind velocity to fan revolutions and of wind ve- 
locity to fan horsepower are shown graphically in figures 9 and 10, 
respectively. 
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Table II. 





Wind 


Kinetic 




Fan. 


velocity 
per sec- 
ond. 


energy 
wind 
stream. 


Fan. 


Revolu- 








tion* ptr 




Horse* 


flbrw- 


minute* 


FeeL 




power. 


216 


41.7 


&68 


8.32 


279 


£3.8 


7.86 


6.40 


820 


6LB 


11-95 


10.00 


830 


94.6 


13. CO 


1L70 


875 


72.8 


10.45 


16.36 


406 


78.8 


34.70 


21.85 



UNIFORMITY OP VELOCITY OVER CROSS SECTION OF AIR STREAM. 

Surveys were made over the cross section of the air stream in order 
to determine the variation of velocity in time at any one point and 
from point to point over diameters horizontal and vertical 

These indicated a mean variation of velocity head on distance of 
about 2.5 per cent or a mean variation of velocity of 1.25 per cent. 
The variation of velocity at any one point with time was substantially 
the same. A Pitot tube survey of 20 well-distributed cells of the 
honeycomb baffle showed, just in front of the delivery plane, a mean 
variation of velocitv head of 0.7 per cent. The time variation of a 
single cell was similarly 0.8 per cent. These correspond to velocity 
variations of one-half me above values. 
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RELATION BETWEEN DEPRESSION WITHIN EXPERIMENT ROOM AND 
AIR STREAM VELOCITY. 

This relation was based on Pitot tube determinations of velocity 
and manometrio balance measures of the difference of pressure acting 
as an air head. Numerous determinations of this relation were made 
at the start of the work and they were repeated daily throughout the 
tests in order to detect any tendency toward change in this relation. 
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The relation was found practically constant and as the result of large 
numbers of determinations was taken as: 

Velocity head =0.876 (Pt-P,) 

where P t and P a denote the pressure heads without and within the 
experiment room. 

It should be noted that when the^ model propeller is in operation 
with a velocity sufficient to give a positive dip and hence an additional 
accelerating effect on <he air, we have in effect an additional fan in the 
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system and hence must expect an increase of velocity of air stream. 
This effect on the air stream "will also be twofold, as follows: 

(1) Local and immediately in front of the model propeller, where 
there will be acceleration of the air as it approaches the propeller. 

(2) Outside the immediate local influence of the model propeller 
where there will be an increase in air stream velocity due to the greater 
amount of energy supplied in the circuit and a corresponding reduc- 
tion in pressure in the experiment room with consequent general in- 
crease in the speed of inflow. It was, therefore, important to ascer- 
tain whether tne general velocity of air stream as indicated by that 
of the cylindrical shell about the propeller still remained in the same 
relation to the fall of pressure within the experiment room. 

Careful and repeated tests showed that this was the case and it was, 
therefore, assumed that the combined action of the large fan propeller 
and the model propeller was to produce a velocity of wind stream in 
the cylindrical shell surrounding the model, standing in the given and 
fixed relation to the depression caused in the room by the joint action 
of the two propellers. This velocity of wind stream then corresponds 
to the indefinite stream flowing around and outside of the propeller 
in the case of an airplane in free flight, and is, therefore, to be taken 
as corresponding to the velocity of flight through the air. 

Similarly the local result immediately in front of the model propel- 
ler is to be taken as similar to the local acceleration of the air im- 
mediately in front of the airplane propeller, causing a local flow of air 
aft to meet the forward moving propeller. 

RELATION BETWEEN DIAMETERS OF WIND STREAM AND DIAMETER 
OP MODEL PROPELLER. 

It was assumed from precedent and from general experience in 
wind-tunnel work that a propeller model 3 feet in diameter could be 
properly run in a wind stream 5£ feet diameter without sensible 
disturbance at the boundaries of the stream and hence with sensibly 
the same result as though in an indefinite stream* 

The experimental examination of this question was approached 
from three different directions, as follows: 

(a) Successive reduction of wind-stream diameter with compara- 
tive study of thrust and torque coefficients. 

(6) Pitot tube survey of wind stream with model propeller in 
operation, with special reference to distribution of velocity in the 
cylindrical shell outside the tip circle of the propeller. 

(c) Comparison of thrust and torque coefficients for four sizes of 
propellers of successively increasing diameters. 

The results of these tnree examinations may be briefly indicated. 

The diameter of the wind stream was reduced by 6-inch steps by 
blanking over the delivery end of the collector with suitable flat 
annular rings. This had the effect of dosing off an outer zone of cells 
of the honeycomb baffle, leaving the remainder operative. This gave 
wind streams of diameters, successively 66, 60, 54, and 48 indies, 
and within which a propeller of 3 feet diameter was run. The results 
were then reduced to the form of thrust and torque coefficients by 
assuming, at equal values of VfND, a force variation with the square 
of the speed. 

The torque and thrust coefficient curves thus derived give the 
following indications: The torque and thrust of the 3-foot model in 

29165°— S. Doc. 128, 65-2 7 
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wind streams of 5 feet and 5.5 feet in diameter are sensibly identical. 
For a wind stream 4.5 feet diameter the torque and thrust were about 
2.5 per cent greater than for the wind streams of 5 feet or 5.5 feet 
diameter. 

For a wind stream 4 feet diameter the torque and thrust were 6 
to 7 per cent greater than for the wind streams of 5 feet or 5.5 feet 
diameter. 

With the model propeller in operation and throwing aft a slip 
stream of pronounced velocity, the wind stream across the entire 
section forward of and about the propeller was subjected to survey 
by Pitot tube. The results indicated a relatively abrupt break in the 
influence of the propeller close about the tips of the blades, and that 
the size of the slip stream proper at and just in advance of the pro- 
peller was practically determined by the diameter swept by the tips 
of the blades. The velocities in the cylindrical ring lying outside 
the blade tips were also compared wita -the depression within the 
chamber and found to agree as previously stated!. These tests indi- 
cate that the special t influence of the. propeller in disturbing the 
distribution of velocities through the wind stream extends to but a 
slight distance beyond the circle swept by the tips of the blades. 
The indications of this test, therefore, support fully the anticipated 
relation between diameter of propeller and of wind stream. 

As a final test in regard to this important question, four propellers 
of diameters, successively, 30, 36, 42, and 48 inches, and similar 
geometrically, were tested out in regular course and the results re- 
duced to thrust and torque coefficients by assuming, at equal values 
of VfND, a force variation with the square of the speed and with the 
square of the diameter. The results of these tests are shown in figures 
11 and 12 and indicate substantially the same values of the coeffi- 
cients for the same value of V/ND for all four propellers. This indi- 
cates apparently that the diameter of the propellers might have been 
increased to 42 inches, or possibly even to 48 inches, and run in a 
wind stream of diameter 66 inches without sensible departure from 
the conditions in an indefinite stream. 

As a matter of fact, as may be noted in the figures, the values of 
the coefficients for the diameters 30, 42, and 48 inches lie most satis- 
factorily on a continuous smooth curve. Those for the diameter 36 
inches fie slightly above. This slight variation is apparently due to 
some slight departure in geometrical similarity between the pro- 
peller for 36-inch diameter and the other three. 

In any event these results together with the others noted above 
seem to justify fully the use of the propeller models of 36 inches diame- 
ter in the wind stream of 66 inches diameter. 

CALIBRATION OP TORSION DYNAMOMETER. 

The torsion dynamometer was calibrated as shown in figure 13. 
A Prony brake was attached to the shaft at the propeller position. 
A load was applied and the corresponding yield of the spring was 
noted. These tests were made at various speeds, and loads were 
applied varying from zero to the full capacity of the driving motor. 
These calibrations were conducted daily throughout the tests in order 
to detect any change in the ratio of spring yield to moment in pound- 
feet. The ratio was found to be practically constant for all speeds 
and loads. 
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TESTS ON 48 MODEL FORMS OF AIR PROPELLERS WITH 
ANALYSIS AND DISCUSSION OF RESULTS AND PRESENTA- 
TION OF THE SAME IN GRAPHIC FORM. 

By Whjjak F. Duhand. 



SELECTION OP PROPELLER MODEL CHARACTERISTICS. 

As a first stage in the propeller investigation, it was proposed to 
try out 48 models with characteristics distributed as nearly; as 
possible in a representative way over the field of propeller design. 
The purpose or this selection was to establish a definite series of 
design constants and data for these types and characteristics and 
also to furnish a means for check with tne similar work done in other 
laboratories. With the results thus determined for a set of forms 
and proportions regularly distributed, further research may be 
directed along such lines as appear to indicate the most useful 
results. 

After due consideration of the matter the following characteristics 
were selected to make up by combination the 48 models: 

Values. 

Pitch, ratio (mean) 0.5, 0.7, 0.9 3 

Distribution of pitch Uniform and variable 2 

Mean blade-width ratio 1 0.15 and 0.20 2 

Form of blade contour. Nearly straight parallel and curved tapering. . 2 

Type of blade section Plain and cambered 2 

With the fixed diameter of 36 inches, the three values of the 
pitch become 18, 25.2 and 32.4 inches, respectively. 

The uniform-pitch propellers have this value throughout the blade 
surface. 

For the variable pitch forms, variation according to the DrzewiecM 
method was followed. The angle of incidence chosen was 3° and 
the propeller was given the standard pitch for the uniform pitch 
propellers at the 13-inch radius, the pitch at other radii varying 
according^ to the law determined by the angle of incidence selected. 

The blade-area, or mean blade-width ratios were so chosen as to 
give for one a rather moderate area and for the other a rather wide 
blade or full area. 

The forms were so chosen as to give one a blade with nearly 
parallel sides and the other a more rounded and tapering contour. 

The two types of section show for the one a flat driving face and 
for the other a rather pronounced camber. The amount of camber 

i Ratio of mean width to radios. 
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or maximum height of the arc was made one-third the maximum 
thickness of blade at the outer portion and somewhat less near the 
hub. The maximum thickness and general character of the sections 
were taken to represent in proper geometrical ratio average practice 
with air propellers of full dimension. 

The various characteristics of these model propellere are shown 
more definitely by Tables III, IV, V, and figures 14 to 24. 

Tablb III.^-C%aracfw^o/7nocfe/pro2wZ2«r8. 



No. 


JJl&Za- 
eter. 


Pitch. 


Fltcn 
ratio. 


Mean 

blade 
width. 


Shape 

or 

blade. 


Blade 
section. 






Inches* 












85* 


82.4 


(Y Q 


ft. IK r 






2 


86 


82.4 


o 

■ V 


on r 


i 


ri oal-caiiL. 




86 


82.4' 


Q 


.lffr 






4 


36 


32.4 


a 


!20 r 


A 

A 


Non-cam. 


5 


88 


25.2 


7 


• 15 r 


1 




Q 


86 


25.2 


"7 
■ i 


* OA r 


1 

X 


non-cam. 


7 


88 


25.2 


b 7 


■ l&r 


n 

w 4 


"W/YTfc— AO m 


8 


38 


25.2 


*1 


1 20 r 


Q 


riOQ~UttIU. 




88 


! 18.0 


!c 


! 15 r 


1 




10 


33 


18.0 


' K 

■ ft 


'on r 


JL 




11 


88 


18.0 


.5 


,15r 


JO 




13 


88 


18.0 


!s 


l20r 


Q 


IX UHnJn ill. 


13 


80 




a 


*1J5 # 


t 
1 


VftWJWTW 


14 


88 


80. 6-33.9 


_g 


'.20 r 


T 

1 




16 


88 


fflLA-33.9 


"o 

. w 


*TJ5 r 


0 

a 


T\7rm _rwam 


1ft 


88 


80.8-33.9 


.9 


.20 r 


2 


itULTOBl 1 1 ■ 


17 


88 


23.8-28.8 


\j 


Il5~r 


j 


A\ Ui-iTV-W Ml. 


18 


38 


32.8-26.8 


\? 


*20 r 


1 


ix utrvw hi. 


19 


80 


23.8-28.8 


^7 


!'lBr 


2 


iJi uictw m« 


20 


88 


23.8-28.8 


7 


20 r 


2 


Non-cam. 


21 


38 


16.8-19.0 


.5 


,*l5r 


1 


Non-cam. 


23 


3d 


15.8-19.6 


.5 


.20r 


1 


Non-cam. 


38 


SO 


15.8-19.6 


.5 


,15r 


3 


Non-cam. 


24 


30 


15.8-19.6 


.5 


.Mr 


3 


Non-cam, 


25 


30 


83,4 


.9 


.USr 


1 


Cam. 


28 


86 


82.4 


.9 


,20r 


1 


Cam. 


37 


SO 


82.4 


.9 


.15r 


2 


Cam. 


28 


80 


82.4 


.9 


,20r 


2 


Cam. 


39 


■ 30 


35.2 


.7 


.lfir 


1 


Cam, 


30 


80 


25.2 


.7 


.20r f 


1 


Cam, 


SI 


80 


35.2 


.7 


.lfir 


2 


Cam, 


82 


86 


35.2 


.7 


,20r 


3 


Cam. 


33 


86 


18.0 


.8 


,15r 


1 


Cam. 


84 


36 


18.0 


.5 


.20r 


1 


Cam, 


" 35 


30 


18.0 


.5 


,15r 


3 


Cam, 


86 


86 


iao 


.5 


.20r 


2 


Cam, 


87 


36 


30.6-88.9 


.9 


,15r 


1 


Cam. 


88 


86 


80.6-33.9 


.9 


.20r 


1 


Cam, 


89 


86 


80.0-33.9 


.9 


,15r 


3 


Cam. 


40 


88 


80.6-83.9 


.9 


.20r 


3 


Cam, 


41 


88 


22.8-26.8 


.7 


.15r 


1 


Cam. 


43 


88 


32.8-28.8 


.7 


.30r 


1 


Cam, 


48 


88 


22.3-26.8 


.7 


.15r 


3 


Cam. 


44 


88 


22.8-28.8 


.7 


.30r 


3 


Cam. 


45 


36 


15.3-19.6 


.5 


.15r 


1 


Cam. 


46 


86 


15.8-19.0 


.5 


.20r 


1 


Cam. 


47 


30 


15,8-19.0 


.5 


.lfir 


2 


Cam. 


48 


30 


15.8-19.0 


.5 


.20r 


3 


Cam. 


49 


80 


2L0 


.7 


.16r 


3 


Non-cam. 


50 


43 


29.4 


.7 


.15r 


3 


Non-cam. 


51 


48 


83.0 


.7 


■ ,15r 


2 


Non-cam. 



* Tablb III. — Characteristics op Model Propellers. 

Pitch. — Where a single value is given, the pitch is uniform. Where 
two values are given, they relate to radii at 4 and 18 inches from 
center. The pitch is understood to vary in the Drzewiecki system 
from one value to the other for an angle of attack of 3°. 

Pitch ratio. — For the variable pitch propellers the pitch ratio 
relates to the pitch at radius 13 inches. 
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Mean width of Node, — The mean "width of blade relates to fihe 
actual blade — normally that part lying beyond radius 0.2r approxi- 
mately. The face area of a two-blade propeller will then be mean 
width +0.8Z?, and hence the two values of the face areas employed 
are approximately 0.06Z? 3 and 0.08Z? 3 . 

Shape of Made.— The numbers 1 and 2 are employed to designate, 
respectively, the straight or curved forms, as shown in figures 14, 15. 

Blade section. — The terms "cam." and "non-cam." are used, respec- 
tively, to designate the cambered and noncambered forms of blade 
section, as shown in figures 16-23. 

Table IV.-t Dimensfoms of model propeller sections. 



Propeller 
numbers. 



Form, 
,and 



symbols. 



Radius 

of 
section. 



AB. 



AE. 



AC 
and 
BD. 



EG. 



EH. 



EM. 



BS. 



1 IS 
5 17 
9 21 

25 37 
2d 41 
33 45 

2 14 
0 18 

10 22 

26 38 
30 42 
84 46 



3 15 

7 19 
w ll 23 

27 39 

31 43 

35 47 

4 16 

8 20 
12 24 

23 40 

32 44 

36 4S 



tfiAiBi. 



>3?iAiS». 



#iA,Sr 



OPi Ax St. 



vFiAjSi, 



FkAiS.. 



►FjAtSi, 



F1A1B1. 



Inches. 
4 
7 
10 
13 
Ifl 
4 
7 
10 
13 
16 
4 
7 
10 
13 
16 
4 
7 

10 
13 
16 
4 
7 
10 
13 
16 
4 
7 
10 
13 
16 
4 
7 
10 
13 
16 
4 
7 
10 
13 
16 



Indus. 
2.45 
2.70 
2.70 
2.70 
2.70 
2.45 
2.70 
2.70 
2.70 
2.70 
3.27 
3.60 
3.60 
3.60 
3.60 
3.27 
3.60 
3.60 
3.60 
3.60 
fi?00 

£ 3.14 
,2.68 
L0O 
3.00 
3.22 
3.14 
2.68 
1.90 
4.00 
4.30 
4.18 
3.58 
2.54 
4.00 
4.30 
4.18 
3.58 
2.54 



Inches. 
0.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
1.20 
1.20 
L20 
L20 
1.20 
1.20 
L20 
L20 
1.20 
L20 
1.00 
1.07 
1.05 
.89 
.63 
LOO 
1.07 
1.05 
.89 
.63 
1.33 
1.43 
1.39 
LIS 
.85 
1.33 
L43 
L39 
L19 
.85 



Inches. 
0.06 
.05 
.06 
.05 
.05 
.05 
.06 
.05 
.06 
.06 
.05 
.06 
.06 
.05 
.05 
.05 
.05 
.05 
.05 
.06 
.05 
.06 
.05 
.05 
.05 
.05 
.05 
.05 
.06 
.05 
.05 
.06 
.05 
.05 
.05 
.05 
.05 
.05 
.05 
.05 



Inchet. 

r 0.70 
.60 
.50 
.40 
.30 
.70 
.60 
.60 
.40 
.30 
.70 
.60 
.50 
.40 
.30 
.70 
.60 
.50 
.40 
.30 

.60 
;50 
.40 



I 



. / 

.60 

.50 

.40 

.30 

.70 

.60 

.50 

.40 

.30 

.70 

.60 

.50 

.40 

.30 



Inches. 
Z.19 
L01 
.84 
.66 
.49 
1.19 
1.01 
.84 
.65 
.49 
1.19 
1.01 
.84 
.66 
.49 
1.19 
L01 
.84 
.66 
.49 
L19 
L01 
^4 
.66 
.49 
L19 
LQ1 
.84 
.66 
.49 
L19 
LQ1 
.84 
.66 
.49 
L19 
L01 
.84 
.66 
.49 



Inches. 



Inches. 
,0.15 



0.166 
.166 
.133 
.100 



.20 



.166 
.166 
.133 
.100 



.18 



.166 
.166 
.133 
.100 



.25 



.166 
.166 
.133 
.100 



Fi denotes form No. 1, as in fifiure 14. 

Ft denotes form No. 2, as in figure 15. 

Ai denotes smaller area, mean Blade width ratio 0.15. 

Ax denotes larger area, mean blade width ratio 0.20. 

St denotes blade section with plain face, figures 16, 18. etc. 

Si denotes blade section with cambered face, figures 17, 19, etc 
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Table V.— Nominal and dynamic pitch of propeller models. 





V 








V 






Propeller 




Dynamic 


Nominal 


Propeller 


m> 


Dynamic 


Nominal 


No. 


for 
T-0. 


pitch. 


pitch. 


No. 


for 

t-o. 


pitch. 


pitch. 




1.178 


Inches. 


Inches, 






Inches. 


Inches* 


1 


42.3 


82.4 


25 


L200 


43.2 


32.4 


2 


L128 


40.6 


82.4 


26 


1.066 


39.1 


32.4 


3 


1. 198 


48.1 


32.4 


27 


L170 


42.1 


82.4 


-4 


LOGO 


39.8 


32.4 


28 


L092 


39.3 


82.4 


5 


.995 


85.8 


25.2 


29 


L006 


36.2 


25.2 


! 6 


.910 


32.8 


25.2 


30 


.872 


3L4 


25.2 


7 


.904 


84.7 


25.2 


SI 


.968 
.910 


34.8 


23.2 


8 


.870 


31.3 


25.2 


82 


81.8 


25.2 


9 


.758 


27.2 


18,0 


83 


.770 


27.7 


18.0 


10 


.680 


24.5 


18.0 


84 


.671 


24.2 


18.0 


11 


.767 


27.2 


18.0 


35 


.765 


27.5 


18.0 


12 


.690 


24. S 


18.0 


88 


,718 


25.9 


18.0 


18 


1.178 


42.3 


82.4 


87 


1.148 


41.3 


82.4 


14 


1.098 


39.5 


32.4 


88 


1,108 


89.8 


82,4 


15 


1.193 


42.9 


32.4 


89 


1.150 


41.4 


82.4 


.16 


1.109 


S9.9 


82.4 


40 


1.054 


37.9 


82.4 


17 


.948 


84.1 


25.2 


41 


.914 


82.9 


25.2 


18 


.867 


' 81.2 


25.2 


42 




81.8 


25.2 


19 


.923 
.890 


83.2 


25.2 


43 


!942 


88.9 


25.2 


20 


32.0 


25.2 


44 


.861 


81.0 


25.2 


21 


.784 


20.4 


18.0 


45 


.715 


25.7 


18.0 


22 


.078 


24.2 


18.0 


46 


.690 
.729 


24.8 


ia.0 


23 


.720 


26.9 


ia.o 


47 


20.2 


18.0 


24 


.664 


28.9 


18.0 


48 


.692 


24.9 


18.0 



Dynamio Pitch-I>X {jfo for T-O) 



CONSTRUCTION OF MODEL PROPELLERS. 

The model propellers were made of Pacific coast sugar pine (Pinna 
Lamhertaina) a wood light, strong, and which upon careful test was 
found to retain its form without change once well seasoned. The 
stock obtained was well seasoned at the start but was sawn into 
blocks a little larger than-the propellers and allowed to still further 
dry out. 

The propellers were hand formed from templates laid out carefully 
according to the characteristics desired. The general arrangement 
of the swinging crab for carrying the templates is shown in figure 25. 
The templates carried on the swinging arm or crab were located at 
values of the radii 4, 7, 10, 13, 16, 17.5 inches. The proper applica- 
tion of these templates gave six lines across the blade lying on the 
final finished surface and at intervals of 3 inches, except at the tip, 
as noted. The intermediate area was then readily taken down bj 
judgment and the face reduced to a smooth continuous surface, fair 
with the lines determined by the edges of the templates. 

The form of blade contour was then kid out on the helical surface 
thus determined, and the blade reduced to proper contour form. 
Similar templates were prepared for the back of the blade and the 
proper distribution of thickness and form of blade section thus deter- 
mined. 

The propellers were then given two coats of shellac and two coats 
of varnish and rubbed down between coats. 

The 48 models tested are shown in figures 26, 27, and 28. The 
three other models, together with No. 7 to which they are similar 
geometrically, are shown in figure 29. 
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Fig. 14. 
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Fig. 15. 
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^PropeUer model sections. (For dlmeasfons see diagrams and tables.) 
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FiAiS, 

Fro. 17.— Propeller model sections (For dimensions see diagrams and tables.) 
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Fi Ax Si 

Fig. 18.— Propeller model sections. (For dimensions see diagrams and tables.) 
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FtG. 20.— Propeller model sections. (For dimensions set diagrams and tables.) 
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Fig. 21,— Propeller model sections. (For dimensions see diagrams and tables) 



112 



EE PORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 




Ft A, Si 

Fiq. 23— Propeller model sections. (For dimensions see diagrams and tables.) 
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METHOD OP CONDUCTING TESTS, 

The items involved in a single set of observations are the following: 

(1) The wind speed. 

(2) The revolutions per second or per minute. 
(SS The thrust. 

US The torque (moment). 
(5) The density of the air. 

The wind speed was determined by reading, simultaneously with 
the other observations, the depression in the room. This with the 
relation established by Pitot tube calibration gave the velocity head, 
and this with the density gave the speed. It may be noted that the 
relation between the Ktot tube measurement of velocity head and the 
manometer measure of the depression was determined day by day as 
a matter of routine, but was not found to vary more than 1 per 
cent from that given by the ratio 0.876 as noted previously. 

The revolutions per second were determined by taking the length 
on a strip of paper from the revolution counter drum covering a 
period of some 10 seconds lying on either side of the instant of 
simultaneous observations. This was then readily converted into 
revolutions through the factor 50 per inch and hence the relation 
between revolutions and time determined. It may be noted that the 
nature of the record was such as to permit a reading of revolutions to 
one-tenth of one revolution per second. 

The thrust, as has been previously noted, was read directly from 
the weights and rider on the scale beam* The balance was sensitive 
to about one two-hundredth of a pound, and including slight per- 
turbations, the readings could normally be made to one one-hundredth 
of a pound. 

The torque moment was read from the circular scale as noted in 
connection with the description of this part of the equipment. The 
reading, including perturbations, could usuallv be made to one-tenth 
of one division of the scale which corresponds to 0.007 pound-foot. 
The relation between the scale divisions and the torque at the end of 
the propeller shaft was, in the manner previously noted, determined 
daily throughout the series of tests in order to insure against any 
change in this relation. 

Before Btarting a propeller test a dummy hub was put in place 
of the propeller and the driving motor started. It was allowed to 
run from 15 to 20 minutes until bearings had attained a running 
temperature and the torque indicator showed no tendency to change 
from a steady position. The position of the torque indicator was 
observed for various speeds ana if found to be sensibly constant was 
noted. The thrust balance was adjusted to read zero. The model 

Eropeller was then put in position and driven at various speeds 
'om that required for zero thrust to thrusts of from 50 to 60 pounds. 
Simultaneous observations were made of — 

Torque (moment). 
Thrust. 

Boom depression. 
Barometer. 

Dry-bulb temperature. 
Wet-bulb temperature. 
Revolutions per second. 
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When the test was completed the propeller was again replaced by 
the dummy hub and the torque zero again observed. In the reduc- 
tion of observations this zero value was subtracted from the observed 
torque, thus eliminating the friction of the mechanism between the 
torque spring and the propeller. 

In the general plan of procedure the propeller fan was run at a 
given uniform speed and the model propeller was run at a series of 
revolutions suited to cover the range in operating conditions desired. 
With increase in the revolutions of the model jpropeller there develops 
naturally some increase in the speed of the wind stream. The actual 
observations were made, therefore, under a series of determinately 
varjinc values of the revolutions and a consequent slight variation 
in wind-stream velocities. 

In most cases, moreover, the model propellers have been thus run 
at two or more values of the fan speed. 

All values thus derived are then reduced to coefficients, as explained 
in the following section. 

REDUCTION OP OBSERVATIONS. 

Let T— velocity. 

revolutions. 
D= diameter. 
i= density of air. 
2*= thrust. 
Q= torque. 

P e = effective power = power delivered to or absorbed by the 
propeller. 

P tt = useful power = power realized in forward movement of 
plane. 
p= efficiency. 

In this notation, and for the purposes of general discussion, we 
assume the units employed to constitute a homogeneous system 
throughout, such, for example, as the foot, the pound, and the second 
or the meter, the kilo and the second. At a later point, and when 
dealing with commercial units, horsepower, speed in miles per hour 
and revolutions per minute, the corresponding symbols will be suit- 
ably defined. 

The conditions of any one test as dependent on the relation between 
the wind stream and the speed of the propeller itself are most con- 
veniently indicated by the values of the ratio V/ND. The relation 
of this function to pitch and slip may be noted in passing. If we 
let p denote pitch, m the ratio of pitch to diameter, and s the slip 
ratio, then we have 

V~pN (Is) -mDN (X-s) and 

Assuming that the thrust (or pull) developed by the propeller 
varies directly with the density of the medium, with the area of the 
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Sropeller disk, and with the square of the wind stream speed, we 
ave * 

T~AD*V* 

T 

Hence ^jjrps toU be a dimensionless cofifficient if all quantities are 
measured in absolute units. If T is measured in gravity units, the 
dimensionless coefficient will be A j^T 1 ^ 

Similarly, for the torque Q } the two corresponding dimensionless 
coefficients will be A j^ s y a and A jffi p fe 

The efficiency comes immediately from the equation 

TV 

If ; then, these values of thrust coefficient, torque coefficient, and 
efficiency are plotted on an abscissa of V/ND, we shall have a com- 
plete expression of all relations involved in the operation of the pro- 
peller, and in such form as to be readily applicable to any proposed 
or specified case. 

In Plates VI to XXI are shown diagrams giving values of the 
thrust and torque coefficients and of the efficiency, all for the 48 
modela tested. For convenience the actual scale of ordinates gives 
values of 100 times the thrust coefficient and of 1,000 times the 
torque coefficient. 

Let T Q and Q 0 denote the thrust and torque coefficients, as defined 
above. We have then 

rp TAD*!?* ' 

100 



V 1,000 I 



lOT c VfND 
9 2vQ e 

It should be noted that for convenience of use in English meas- 
ures the numerical values of the coefficients as plotted correspond 
to the measure of force in pounds force: that is, in gravity units for 
T and Q. These coefficients are therefore not dimensionless so far 
as the scale of ordinates is involved, but may be made so by multi- 
plying by gr. It is evident that the abscissa VI ND is dimensionless 
so long as the units are homogeneous. 

ILLUSTRATIVE PROBLEM 

Given a propeller 8 feet diameter similar to No. 1 and making 
1,200 revolutions per minute, with a speed of 72 miles per hour at 
an elevation of 3,000 feet, what should be the thrust, torque, horse- 
power, and efficiency ? 
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We find immediately the ralue V/ND= 0.66. Then, from the dia- 
gram "we find for the" thrust and torque coefficients, respectively, 
0.685 and 0.970 * We then have 

r _0.68g X64 xll.182 X0.071 =347 
^^ 0.970X512X11,152X0.071 ^3^ pound _ feet . 

P.- 393X ir n ^ >2 °° =89.5 horsepower. 

OO, UUU 

0>685 X0.66 XlO n 
P= 0.970X2* U ' 74 ^' 

LOGARITHMIC DIAGRAMS. 

The thrust and torque coefficients; with the curves of efficiency, as 
given in Plates VI — X XI, contain all the fundamental data as 
derived from the model experiments and may be used for the solution 
of various problems which may arise. They are not, however, the 
most conveniently adapted to the solution of the problems commonly 
arising, especially when the data involves horsepower, speed in miles 

£er hour, and revolutions per minute. For the treatment of prob- 
sms involving tiie data in this form, it has been found convenient 
to use the coefficients or furtctionsf 

P P 

plotted on an axis of V/NB. 

In these expressions the units employed are still understood to 
constitute a homogeneous system as m tne preceding section. It is 
also readily seen that with absolute units for force these expressions 
give dhnensionless coefficients. With gravity units for force, they 
must be multiplied by g in order to give coefficients independent of 
the system of units. 

To derive the values of these coefficients from those for thrust and 
torque we have 

A^ = rfe x2x (^) (5 > 

tWD* ~ AW* X GS) ' <6) 

The most convenient graphical representation of these coefficients 
is by means of the Eiffel logarithmic diagrams.} 

♦Assuming a density at 3,000 feet of 0-071 pound per oubfc foot. 

f Forudf3:u3sloaaf these wifcnotherspecial coefficients, reference maybe made to paper by Marchls pub- 
lished in Report of toe National Advisory Committee for Aeronautics for 1916, p. 685. 
t Nouvelles Beonerches sor la Besfstance de I'air et I' Aviation, p. 309. 
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To develop these diagrams w<3 first, for numerical convenience; 
assume a standard or reference value A 0 for the density of the air, 
and standard or reference values N w D 0 for the revolutions and diame- 
ter. We then have 

log.£^=log. P.-tog. A/A 0 -log. A 0 -3 log. NfN 0 -Z log. N 0 

- 5 log.DJD 0 -Slog. D 0 
-log. P e -]Qg. A/A 0 -3 Log. NfN c -5 log. P/^ 

+lo S'A^W 

Denote the left-hand member by y and the last member on the right 
by B. We then have 

y-S-log{p.x J^f]-log. P,-log.-£ -3 log.-| 

5 log. - ^^" ■ ••• • ••••«■•• (7) 

Similarly we have for the abscissa 

tog.^-log.7/F 0 -lflg.TO4og.2?/2> 0 '+log.-^ 

Denote the lef tr-hand member by x and the lastrterm on the right by A 7 
and we have 

s-4-bg.^-*- ^J-log.^-log.^-log.^ (8) 

In terms of vectors each of these equations may be interpreted as 
representing the equality of a pair of vectors; the two sides of (7) 
representing a pair of vectors parallel to Y and the two sides of (8) 
a pair parallel to X. It further appears that' N/N 0 and D(D 0 appear 
inboth (7) and (8), that is on both the X and Y axes. 

This immediately suggests an interpretation of these, each in terms 
of a single vector inclined to X and x and at such an angle that the 
X component will give the value which is laid off in the direction 
of X and the Y component, that laid off in the direction of Y. 

Thus suppose for convenience of discussion that A<A 0 , N<N„ 
D <D 0 . Tben all vectors on the right-hand sides of (7) and (8) will 
be essentially positive. 

We have then in figure 30 the following vector representations. 
Let O denote- the origin for vectors and X and Y axes. Then: 

OG=x-A. _. 
OA -log. 7/Fo. 
AF=Aog. N/N 0 . 
FG= -log. D/D 0 . 
OK=y-B. 
05=log.P e . 
Rl^ -log. A/A,. 
J/--31og. A72\k 
•Ttf-.-Slog. D/D 0 . 
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Noting the values of AFand IJ it is clear that they may be viewed 
as the horizontal and vertical projections of a vector OZ whose length 
is Vlo log. NIN Q and whose inclination to the horizontal is tan -*3. 
Similarly the vectors FQ and J ZTmay be viewed as the projections 
of a vector ZB whose length is ^26 log. D/D 0 and inclination to the 
horizontal tan -*5. Thus the compound vector GZE represents 
completely the members o£ (7) and (8) involving N and B, the hori- 
zontal projection giving the N and D terms in (8) and the vertical 
projection those in (7). 
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These representations may be denoted by writing equations (7) 
and (8) as follows: 

y-5-Iog. P e -log. A/Ao- ^VlOlog. Jq^2Q log. D{D C . 

... (9) 

s-A-log. y/7 o ^^lVT0log. TO- ^V26log.D/I? 0 (10) 

As a matter of fact it develops that the use of equal scales for the 
horizontal and vertical axes, the former for equation (8) and the 
latter for (7), leads to an ill-proportioned diagram. It is found, 
therefore, preferable to use a scale for the vertical measurements 
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one-half that for the horizontal and to adjust the length and slope 
of the oblique vectors accordingly. In such case it is clear that the 
actual lengths of the vectors /Jand/iT, "figure 30, will be one-half the 
lengths with equal scales throughout. We have then l 2 -f (3/2) 3 = 
13/4 and 1 2 + (5/2) 3 -29/4, and hence the length of the vector GZ 
in terms of the unit of X will be (Yl3/2^1og. N/N Q and in terms of 
the unit of log. NfN 0 . lis inclination to the axis of X will 

be tan " l 3/2. Similarity the length of the vector ZE in terms of 
the unit of X will be (V29/ 2 ) log. D/Z) Q ~ and in terms of the unit of 
Yj V29 log. D/D 0 . Its inclination to the horizontal will be 
tan.^S/te. Similarly, the length of IJ in terms of the unit of X 
will be 3/2 log. N/N 0} and in terms of the unit of Y\ 3 log. N/N 0 , and 
the length of JK in terms of the unit of X y 5/2 log. D(D 0 , and in 
terms of the unit of Y, 5 log. D/D 0 . It is thus clear that we may 
express these vector relations by writing equations (7) and (8) as 
follows: 

y-j5=log.P«-log^ 



a-,i=log. VIVo--^^ log. N/N 0 -j=^ log. D/D 0 . . . (12) 

In these equations all terms of (12) are measured in terms of the 
unit for X. In equation (11) log. N/N 0 and log. D(D 0 will be meas- 
ured in terms of the same unit as in (12) while the other terms will be 
measured ufterms of the unit for F. The factors 3/2 and 5/2 in (11) 
will then give lengths suited to the scale of Yfov the components I J 
and JK. 

To realize practically these various vector relations we proceed as 
follows: 

(1) Draw axes 0 1 X 1 and O x Y % according to convenience. The 
conditions to be observed in selecting O t will oe noted later. 

(2) From a convenient point 0, lay off a scale of 

v v r V V "1 
x-A-log. m -log. 

and place at each point thus determined the corresponding values 
or scale division of V/ND. 
Actually this operation may be carried out as follows: 

(a) Take a series of values of V/ND over the range desired, as for 
example from 0.20 to 1-00. 

(b) Select a unit for a logarithmic scale such that the loj*. over the 
range of these values, viz, log. 1.00 -log. 0.20= log. 5, will cover a 
convenient length on the axis of abscissa. 

(c) Locate the value V/ND = 1.00 at a convenient point and find 
the distances from such point- to the left for any other value x from 
the equation log. 1.00— log. 3= log. 1/x. Lay off this distance to 
the left of the initial point, and at the point thus determined place 
the number a? or its division mark for a scale of V/ND. See Plates 
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XXH-XXXVIL The poi nt 0 7 w i ll then fall at the value of VJNJ) 0 . 
In the diagrams of Plates X X IT-XXXYH we have F o =*100 miles 
per hour =440/3 feet per second, iV 0 = 1,200 revolutions per minute = 
20 revolutions per second, i? 0 =10 feet, and hence VolffoD^ 0.733. 

(3) From the same point 0 2 and with the same unit lay off a scale 
of log. V/Vq, giving to V various values, as desired, and at each 

oint thus determined place the value of V expressed in miles per 
our. Actually this is realized by taking a similar scale as for V/NDj 
locating F 0 = 100 at 0 2 = 0.733 on the scale of VfND, and then put- 
ting i n th e other scale numbers and divisions as desired. See 
Plates XXn-XXXVTL 

(4) Again, from 0 3 and with a unit one-half that for the scales on 
O t X v lay off on 0 1 Y 1 a scale of 

and place at each point values of PJAN*D B (homogeneous units). 

Actually a scale or regular series of values of PJAN*D* is taken 
covering the desired range, as for example from 0.0004 to 0.0030 
(homogeneous units), see Plates X X 1 1 -XXXVII. Then locating 
any point of this scale on the axis of ordinates according to 
convenience, the remainder is completed according to the scale 
adopted. Thus the distance from 0.0004 to 0.0005 will be log. 1.25, 
the distance to 0.001 will be log. 2.5, etc. This locates the scale 
according to convenience and without the need of specific reference 
to the point O z as origin. 

(5) Lay off also from O z a scale for values of log. P* (homogeneous 
units) and place at each point the value of P tf expressed in horsepower. 

To this end write equation (7) twice, as follows: 

y-B-log.AoWW+log.^jB (13) 
y-S=dog.P e +log.^^ (14) 

The first of these gives a logarithmic scale for PJAN*D* beginning 
at a point log. A^N/Df from the origin, or CL. The second gives a 
logarithmic scale of P e beginning at U ZI while beyond are laid off the 
other terms indicated. Now, at any given point determined by (13) 
it is desired to find the corresponding value for P t if the latter were 
laid off from O z as in (14). _ 

At this point we shall evidently have 

log.P fi =log.A 0 ^Z? 0 »+log. ^-^r 

Whence A 0 N* D*=AN*B*. 

Let y = any value of the ratio PJA N*D*. 

Then for tne particular point where AN*!) 5 = A 0 N 0 Z D 0 * we shall have 
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This will give the value of y corresponding on the scale to any 
assumed value of P e , Other values may be found similarly, or one 
value of P c being thus located on the scale the remaining scale 
points and values for P 6 may be run in with the scale unitin a similar 
manner as for the scale of 

(6) Through any convenient point draw a line N 0 Q as an axis of 
N and inclined at an angle tan"* 3/2 to the axis of X. 

(7) Draw a similar line D 0 B as an axis of D and inclined at an 
angle tan" 1 5/2 to the axis of X. 

(8) Select any convenient point N 0 on the axis of N for origin 
and with the unit of the scales on 0 X lay off a scale of (Yl3/2) 
log. NfN 0 giving to N various values asjiesired and at the various 
points determined by the values of (Vl3/2) log- N/N 0 mark down 
the corresponding values of N expressed as revolutions per minute. 
For all values of JV> N 0 the value will be positive and for all values 
of N< N 0 it will be negative. Lay off the positive values down- 
ward to the left and the negative values upward to the right. This 
will give a scale of N and £f 0 at the origin selected, and increasing 
downward and to the left as shown in Plates XXH-XXXVIL 
The reason for this particular direction of the scale of N will appear 
at a later point. 

(9) Similarly and with the same unit lay off on the axis of D a 
scale of (V29/2) log. D/D 0 ; and likew ise increasing downward and to 
the left. See Plates XXn-AXAVlI. 

(10) At some convenient point on the diagram lay off an axis ST 
for values of log. A/A 0 and take any convenient point for origin. From 
this point and with the unit of the scales on OY lay off a scale of 
log. A/A 0 and mark at each point the value of A or altitude, as may be 
desired. For values of A>Aa we shall have positive values and for 
values of A<A 0 , negative values. Positive values should be laid off 
below the origin and negative values above. t This will give a scale 
increasing downward and with A 0 at the origin as seen in Plates 
XXn-XfcXVIL 

(11) It must be noted that the unit selected for the scales of 
must be such that for this and for the various resulting scales, 

vertical and oblique, the range of values desired for the various 
quantities V/ND,v, N, D, A, and P e will come within the scope of 
the diagram. 

(12) For the various values of V/ND compute, for any given pro- 
peller, the values of PJAN^D 6 by the relation of equation (5) and 

Slot the corresponding point on the diagram. The actual coordinate 
istances from 0 as origin will be (x—A) and (y— E) as in equations 
(7) and (8) . With the scales above noted kid off on 0^ and O x Y lf 
the spot for any pair of values V/ND and P e f&N*D* may be, however, 
directly determined by suitable interpolation on the scales and with- 
out the laying off of logarithmic coordinates as such. 

The location of the origin 0 and of the axes OX OF is not neces- 
sarily within the scope of the diagram. All that is needed is a set of 
scales along O x X u 0^ giving for V, V/ND, P e and PJAN*D* the 
ranges neaaiul-in practical problems. Likewise for the oblique scales, 
they must be of suitable length to give the series of values of N/N 0 
anaD/D 0 needful in practical problems. 

Thus in the diagrams of Plates XXII-33XVII the actual origins 
for the horizontal and vertical scales are not indicated. The hori- 
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zontal and vertical axes are placed where convenient and likewise the 
oblique axes for N and D. 

(13) In a precisely similar manner and to the same scales a curve 
k laid off for PJJiW? 5 . 

Taking now the curve for P €} let L denote for any given case the 
location of Fon the velocity scale and U the location of the value of 
V/ND on the scale for this quantity. Then E on the corresponding 
curve will give on the suitable scale the value of PJAN*DK Now 
draw a vertical LBG and take a point B representing P e on the power 
scale. Then lay off BQ equal to the value of log 4/d 0 taken on ST as 
the distance from the origin or A 0 to A {A here assumed less than J 0 ). 
Then through G draw a line parallel to N 0 Q and lay off OZ equal to 
(VI3/2) log. N/N 0 , taken on N 0 Q as the distance from origin or N 0 to 
If (N here assume d less than N 0 ). Next draw ZE parallel to DoB 
until it meets the curve for values of PJkN*B* (D here assumed less 
thani? 0 ). 

Then the following relations are readily seen to obtain: 

(a) The points E/and E must lie on the same vertical, and the 

determination of one will necessarily fix the other. 

(&) Hence if the value of V/ND is given (and hence the point Z7), 

together with N and 2?, the construction may be carried out in the 

reverse sense and a point L determined, which will mark the value 

of 7. 

(c) More generally the compound vector GZE must necessarily 
give, by verticals drawn through its extremities, the values of 7 and 
of 7/ND 7 the former by a vertical drawn through C, the extremity 
of the N vector, and the latter by a vertical drawn through E } the 
extremity of the D vector. m 

(d) The power vector P e is always assumed to be laid off with its 
origin as OX. This means simply locating the point B in accord- 
ance with the value of P a as laid off on the power scale O t Y v 

GO The three vectors BC, CZ, and ZE may be laid off in any order 
according to convenience, and the result will be the same. In the 
diagram the full line GZE shows tie two vectors for revolutions and 
diameter in the order N D, while the dotted line GZ^E shows the 
same vectors in the order DN 7 starting in each case from the point 
ft Similarly, the vector BC may be put in between N and 2?, or 
adjacent to K if desired. In figure 31 are shown four different com- 
binations of algebraic signs, each with the six different sequences in 
which the vectors may be arranged. There are in all eight different 
combinations of signs, each with the six different sequences, or in all 
48 different figures or patterns which these three vectors may effect. 
Those shown in figure 31 are simply for illustration. 

(f) According to the data given, the actual construction may pro- 
ceed from Ir to Z7, or vice versa. 

(^) The power scale is taken positive upward. Hence LB is the 
positive direction of this vector. From the form of the second mem- 
ber of equation (7) it is clear that if - log. A/A 0 is to be essentially posi- 
tive; that is, if it is to have the same sign as P e , then A must be less 
than A 0 . Hence if BG is to be laid off upward, it must correspond to 
A<Ao. This accounts for laying off the scale on S Tin the direction 
previously indicated. 
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Similarly if -3 log. N/N 0 and - 5 log. D/D 0 are to be intrinsically 
positive, we must hare N<N 0 and D<D 0 and hence the scales on 
OQ and OB must be laid off in such direction as to give, when meas- 




ure, ai. 



ured from the origin N 0 or D q a positive or upward component for 
N<N 0 and B<B r Tins again accounts for the direction in which 
these scales are laid off, as previously indicated. 
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Qi) In the general case A, N and D may have any relation to A,,, 
N 0 , and D 0 and hence the values of the vectors representing density, 
revolutions and diameter may bepositive or negative, or, of course. 0. 
If positive, they will be laid off in the proper direction by t aking 
Bu, GZ and ZE in the direction of decreasing values of A, jv and B 
along the corresponding axes, and if negative, they wDl be laid off 
in the proper direction by taking similarly, BG, <7z and ZE in the 
direction of increasing values. m it is seen that the manner in which 
the scales of A, N and D are laid off on their respective axes will give 
the proper direction in which they should be laid off in order to com- 
bine properly with a positive value of P e . 

(i) Hence, if we are able to start with the point B (determined by 
the value of P e ), the remainder of the vector JiOZE should be traced 
out, each element parallel to its axis and in the direction in which the 
corresponding quantity lies, reckoned from the origin (A<„ N oy or D 0 ). 
Furthermore, the last or closing element of this threefold vector must 
always end on the curve. 

0 On the other hand, if the data are such that we must start with 
the point U or E and work over to the point 5, then the vectors 
EZ 9 ZG, and GB must be traced through m the inverse direction to 
that in which they lie on the axes of D, N, and A. The reason of this 
is obviously to so trace these vectors that when the diagram is com- 
pleted and the vectors are traced through in the positive direction 
for P tf , then the other three will also follow in the same direction as 
that in^ which they lie on their axes and thus properly combine with 
a positive value of P w as noted above. 

As a general rule or guide in the matter of the direction or sense in 
which the various vectors should be drawn, it thus results that 
irrespective of the particular direction in which the construction of 
the vector may require it to be drawn the final result must be such 
that when complete and when traced through from B to its end on 
the curve the various vectors must all be traced in the direction 
determined by the lay of the corresponding quantity A, N, orD from 
4> 7 N 07 or D H on the respective axes for these quantities. 

The variables involved in this logarithmic diagram are, as we have 
seen 

P„P % , P ,VIM>,L,V,N,D. 

In connection with any single construction, for example, that involv- 
ing P c , the variables are: 
T e , VIM). A,V,N,D. 

Certain of these may be known and the others unknown. The 
various cases thus arising may be briefly indicated. 

In the following analysis the letters and vector symbols of figure 
30 are used withfixed meanings as follows: 

L means the point on axis OV-XTj, determined by V. 

U means the point on axis O^X,, determined by V/ND. 

B means the point on vertical through L, determined by P e . 

B O means the vector for A, counting from the point B. 

GZ means the vector for N, counting from the point (7. 

GZ. means the vector for D, counting from the point <7. 

Zj? means the vector for D, counting from the point Z. 

Z X E means the vector for N, counting from the point Z v 

Z or Z x means the point of juncture of the vectors for N and D. 
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E means the point on the curve at the end of the vector OZE or 
OZjE and on the vertical through Z7. 
We have then cases as follows: 

(1) Known or assumed iV A , V, V/ND. 
Unknown N, D. 

With 7 find the point L, and thence with P t and A find 0. With 
V/ND find U and EL Then from 0 and E draw vectors parallel, re- 
spectively, to the axes of N and D and extend to the point of inter- 
section Z. Then OZ gives N and ZE gives D. 

(2) Known or assumed P e , A, 7, N. 
Unknown V/ND, D. 

Find 0 as in. problem 1, and thence with jYfind Z. Then draw 
vector ZE parallel to axis of D to meet curve at E. Then ZE gives 
D and £ gives V and 7/JV2?. 

(3) Known or assumed P e , A, F, D. 
Unknown V/ND, N. 

Find O as in problem 1, and thence draw vector for D } riving Z t . 
Then draw vector Z X E parallel to axis of N to meet curve at E. Then 
Z X E gives tfand Ogives V and 

(4) Known or assumed P e , A, V/ND, N. 
Unknown V, D. 

With P e and A find I t and draw horizontal line IJ r With 7/M? 
find Z7 and E and through J? draw parallel to axis of N vector Z t E. 
From Z x draw line parallel to axis of D to intersection with IJ 3 at 0. 
Then vector CZ X gives J9 and (7 determines L and 7. 

(5) Known or assumed P e , A, V/ND, D. 
Unknown V, N. 

Same general procedure as for problem (4) with appropriate inter- 
change ot N for D. 

(6) Known or assumed P e} 7/ V/ND, N 
Unknown A, D. 

With7andP tf findLandB. With 7/ ND find V and Through 
E draw parallel to axis of N vector Z X E and with N find Z t . Then 
through Z t draw parallel to axis of D line to meet vertical through B. 
This determines 0. Then vector tfZ« gives D and 5(7 gives A. 

(7) Known or assumed JV 7, 7/iV.D, 2). 
Unknown A, tf. 

Same general procedure as for problem (6) with appropriate in- 
terchange of Nfor D. 

(8) Known or assumed A, V, V/ND, N 
Unknown P t , D. 

With 7 and V/ND find L, V, and K Draw vertical through L 
and through i? parallel to axis of N vector Z t E. Then N determines 
Zj. From Z,^ drawparallel to axis of I? line to intersection of ver- 
tical through £. This gives point C. Then A gives B, B gives 
and vector <7Z t gives D. 

(9) Known or assumed A, 7, V/ND } D. 
Unknown P e , N. 

Same general procedure as for problem (8), with appropriate inter- 
change ol N fori). 

(10) Known or assumed A, 7, N, D. 
Unknown P t , V/ND. 

V/ND follows immediately from 7, N, D. 
Then proceed as in (8) or (9). 
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Entirely similar constructions may be carried out involving P u by 
using the correspo nding curves, dotted instead of full line, in the 
diagrams of Plates A A fl-XXXVIL 

EFFICIENCY. 

The value of efficiency is given by 
p 

p— ratio of coefficients for the two functions 

PJAN*D* and PJAN*D*. 

Calling these y L and y 2 , we have then 

log. p-=log. ft -log. y 2 . 

Hence the intercept E t E (fig. 30) is equal to log. p, and to evaluate 
the same we have only to go to tne logarithmic scale for efficiency, 
and by any convenient means step from the origin a distance equal 
to EjE. Where E falls, the efficiency may be read. This is readily 
done by dividers or paper strip. 

There are a number of other constructions which may be worked 
out by the aid of these logarithmic diagrams and related to the de- 
termination of various characteristics of propeller performance such 
as the thrust T 7 torque Q, and a series of special dimensionless coeffi- 
cients as listed by Marchis. 1 

DISCUSSION OF RESULTS. 

Thrust in relation to pitch ratio. — As Bhown by the curves of thrust, 
this quantify for a given value of V/ND increases with pitch ratio. 
This is entirely in accord with the results to be anticipated. 

Thrust in relation to llade area. — At any given value of V/ND the 
thrusts for the narow and wide blades are very nearly the same. 
There is a general tendency for the wide blade to show a greater 
thrust for moderate and low values of V/ND or for moderate and high 
values of the slip with a lesser thrust for large values of V/ND or 
very low values of the slip. 

Thrust in relation to lime form. — The thrust developed for a given 
value of V/ND is in general greater for the straight blade than for 
the curved forms. There are, however, some exceptions to this 
general indication. 

Thrust in relation to constant and variable fitch. — For a given value 
of V/ND there is but slight difference in the thrust. As a general 
rule, the value for variable pitch is slightly less than that for the 
uniform pitch. 

Thrust in relation to llade section. — For a given value of V/ND the 
thrust developed by the cambered section is in general greater than 
that for the plain section. 

Power in relation to pitch ratio. — As shown by the curves of torque 
and power, these quantities, for a given value of V/ND, increase 
with pitch ratio. This is entirely in accord with the results to be 
anticipated. 



1 See paper published in Second Armnftl Report National Advisory Committee foe Aeronautics, p. 5S5. 
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Power in relation to blade area. — The wider propellers, having a 
smaller dynamic pitch than the narrow ones 01 the same form and 
nominal pitch, show a somewhat less power (effective and useful) 
than the narrow propellers at low slips or high values of V/ND. 

They show the same values of power at values of V/ND somewhat 
less than those for maximum efficiency. 

At the lower values of V/ND or high values of slip, the wide pro- 
pellors show in general more power than the narrow. 

An exception to the above statement is noted in cases of the pairs 
29-30 an<T 33-34 in which cases the dynamic pitch of the narrow 
blades 29 and 33 is so much greater than that of the wide blades 
that the. power for the wide blades, at all points within the range of 
the tests, is less than for the narrow blades. 

Power in relation to blade form. — The power required for a given 
value of V/ND is in general greater for the straight ^adj propellers 
than for the curved forms. The following exception ^^noted: 

Propeller Nou 2, practically equal to No. 4. 

Propeller No. 9, practically equal to No. 11. 

Propeller No. 10, slightly less than No. 12. 

Propeller No. 18, less than No. 20. ^ 

Propeller No. 26, practically equal to No. 28. £ ^ 

Propeller No. 30, practically equal to No. 32. * * 

Power in relation to constant and variable pitch.— -The variable and 
constant pitch propellers show little difference in power coefficients. 

For the 0.9 pitch ratio the values are practically the same, two 
pairs showing slightly greater values for coi^ant pitch ancf six 
pairs practically equal. . t j 

^ For the 0.7 pitch ratio one pair shows slightly, less for the constant 
pitch, two pairs show practically the same and five pairs show slightly 
more for the constant pitch. 

For the 0.5 pitch ratio one pair shows less for constant pitch, one 
pair shows practically same for both, six pairs show greater for 
constant pitch. 

Power %n relation to blade section,.— The blades of cambered section 
show effective powers of from 11 per cent to 35 per cent greater than 
the noncambered sections. The difference is more marked in the 
narrow blades than in the wide ones. 

Efficiency in relation to pitch ratio. — The maximum efficiency of 
propellers of given form otherwise increases with the value of the 
pitch ratio. The same is true for the efficiency over the usual work- 
ing range. Broadly speaking, for equal values of V/ND efficiency 
increases with the jritch ratio. For very small values of V/ND, 
however, the lower pitch ratio propellers snow the greater efficiency* 

Efficiency in relation to area. — Tie narrow propellers show in gen- 
eral a higner efficiency throughout the working range, a higher 
maximum efficiency and a larger range. 

There are a few exceptions. Certain of the wide cambered blades 
show a slightly higher efficiency at extreme slips than the corre- 
sponding narrow cambered blade. This is the case with 25-26, 
29-30, 33-34, 37-38, 41-42. 

In other cases the efficiency of the wide cambered blades is equal 
or more nearly equal to efficiency of the narrow cambered blades 
than is the case with noncambered forms. 
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Efficiency in relation to blade form. — In general the curved form 
of blade contour shows a higher efficiency m the working range as 
well as a higher maximum efficiency. 

There are a few exceptions in the case of maximum efficiency 
but these are not marked. There are no exceptions in the case of 
the efficiency over the working range. The ranges of the efficiency 
are not markedly different. 

Efficiency in relation to uniform or variable pitch. — The variable 
pitch propellers show in general less efficiency than those of con- 
stant pitch, both as to maximum efficiency and as to the efficiency 
over the working range. 

There are one or two exceptions to this statement but these are 
not marked nor are the advantages of the uniform pitch propellers 
over those of variable pitch pronounced in character, there being 
a number of pairs in which the efficiency curves are practically 
identical fo^ triform and variable pitch. 

The effL*_ *range for variable and constant pitch is practically 
the same. 

It is, of course, entirely possible that some other value of the 
angle of attack in the DrzewiecM system or some other distribution 
of pitch than tb here exhibited might show values of the efficiency 
superior to those or uniform pitch. 

Efficiency in relation to blade section. — The plain section propellers 
are markedly more efficient than those of cambered sections. 

In general there Js little difference in the range of efficiency, 11 
pairs having equal E&nge and other pairs varying some one way and 
some another, but without exception all show that the plain-face 
forms are more efficient in the working range as well as naving a 
higher maximum efficiency. 

29165°— S. Doc 123, 65-2 9 
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A BRIEF DISCUSSION OF THE LAW OF SIMILITUDE AS AFFECT- 
ING THE RELATION BETWEEN THE RESULTS DERIVED FROM 
MODEL FORMS AND THOSE TO BE ANTICIPATED FROM 
FULL-SIZED FORMS. 

By William P. Dubato. 



THE LAW OF KINEMATIC SIMILITUDE IN ITS RELATION TO PROPELLER- 
MODEL EXPERIMENTS. 

The use of model propellers as a basis for the prediction of the force ' 
reactions of full-scale propellers raises at once the question of the law 
of kinematic similitude, according to which we may hope to interpret 
the results of tests on model forms in terms of tne performance of ' 
full-scale propellers. 

The subject of kinematic similitude has been adequately treated by 
many authors and no general discussion of the problem is here re- 
quired. It seems, however, propter to note certain aspects of the 
subject with special reference to its relation to the problem of the 
air propeller. 

In its broader aspects the existence of a law of force relation between 
a model and a full-scale body implies the existence of a functional 
relation between the force reactions to which a body is subject and 
the various attendant determining conditions and dimensions. 

These various parameters fall under the following groups: 

(a) All dimensions and characteristics required to define the body 
as a geometrical and as a physical entity. 

(J) All mechanical or dynamic characteristics of the medium in 
which it moves. 

(c) The conditions of operation involving primarily the velocity 
relations between the body and the medium and between the body 
and the earth. 

These various characteristics, or the variables which represent them, 
fall, furthermore, into two classes which we may denote by a, 6, 

The variables a, 6, c, . . . denote characteristics or parameters, 
the value of which may be definitely expressed or measured for any 
given bodyy thus a geometrical dimension, a velocity, the density or 
viscosity of a medium. 

On the other hand, the variables x } y } z. . . denote characteristics 
or parameters, the numerical measure of which can not be directly 
determined for any given case. Such may be, for example, the in- 
fluence of geometric form independent of dimension, of roughness or 
quality of surface, or of turbulence in the medium, 

131 
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Then the functional relation referrecLto above may be expressed in 
the form: 

F=/ (a, l } c . . .) ^ (a, l } c, . . . z, y } z . . .). . . (1) 
Where F denotes a force reaction between the body and the surround- 
ing medium (such as thrust on a propeller) and/ represents a known 
or determinable and £ an unknown form of function. 

The function fa furthermore, contains variables z } y,z. . repre- 
senting parameters or conditions which usually do not admit of nu- 
merical evaluation. In any event, the numerical values are not- de- 
terminable in any specific case, and the form of the function itself is 
unknown. 

The value of this function for any specific case is, therefore, wholly 
unknown and is not determinable by any purely algebraic process. 

It is, however, determinable for any specific case by experimental 
procedure. This, plainly implies placing the body under operating 
or functioning conditions, measuring the actual force F and taking 
note of the values of the parameters a, 5, c . . . 

With these known, the numerical value of the function/ is directly 
found and thence that of fa This, let us say, is for a body A. Sup- 
pose then another body B with different values of the parameters 
a, b, c . . . , but for which we may assume the same numerical 
value of fa If such assumption is justifiable, we may then find imme- 
diately the value of Ffor the body B. 

The key to the whole procedure is the use of the same numerical 
value of <f> for A and for B. Under what conditions may this be done ? 

Assume that the function-^ is made up of two functions expressed 
in the form: 

fa(fa (abc . , . ) fa (xyz . . . )) 

Suppose further that ^ is a known function while fa is unknown, 
as also the numerical values of a, y, z . . , Suppose further that 
for the two bodies A and B the parameters a,h 7 c . . , are so 
chosen that fa has the same numerical value for each; also that the 
conditions on which x, y, z . . .. are assumed to depend are the 
same in both A and B and hence, x* y, z ' . . . , whatever may be 
their actual values are assumed to be the same for ooth A and B. 

Then under these conditions it is clear that <t> will have the same 
value for both A and B and a value determined experimentally for A 
may be used for B or vice versa. 

The conditions for a relation of this character are, therefore, the 
following: 

(1) The existence of a function fa and involving measurable 
parameters such as a geometrical dimension, veIocity ; density, vis- 
cosity, coefficient of elasticity, etc., and with numerical values so 
chosen that the numerical value of fa will be the same for both A and B. 

(2) The assumption of equal values for A and B of parameters 
z,y, 2 » - . based upon equal conditions or characteristics the 
influence of which they^ are assumed "to measure. Thus if x be 
assumed to relate to the influence of the material, texture, or quality 
of the surface, then if both bodies are given, as nearly as may be. 
surfaces of the same material, texture, or quality, we assume equal 
values of x. Again if y is assumed to relate to the influence of 
geometrical form as such and independent of absolute dimension, 
and if we make the geometrical form the same for both A and J3, we 
assume equal values of y. 
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Form as such may, of course, be determined by geometrical 
dimension. In detail, however, unless of some definable character, 
a form will require a vast (at the limit an infinite) number of dimen- 
sions for its determination. If, therefore, the forms of the bodies 
A and B were dissimilar, a vast number of geometrical measures and 
dimensions would require to be included in the functions under con- 
sideration. Due to this fact, no attempt has been made to develop 
or use any such functional relation except in the case of bodies or 
forms which exhibit some considerable degree of geometrical similarity 
and which permit of definition in terms of a small number of con- 
trolling dimensions plus the characteristic involving geometrical 
similarity;. Thus spheres are defined by the diameter plus the 
characteristic of sphericity, cylinders by the diameter and the length 
plus the characteristic of a constant circular cross section. 

Again with the assumption of complete geometrical similarity, 
bodies are determined by a single defining dimension plus the stated 
form. - 

The question may, therefore, arise as to whether there is any param- 
eter y to which the influence of form as such may be related and 
permitting the assumption that for like forms we may assume equal 
values of y or, in other words, equal influences on the value of the 
function <f> t . 

If, then, these general conditions and assumptions are accepted, 
it is clear that between the two values of the force F for the two bodies 
A and B functioning under suitably related sets of conditions, there 
will exist a determinable relation, and a value for A found experi- 
mentally may be used to determine the corresponding value for B f 
or vice versa. 

From this analysis it will be dear that the justification of this 
gener al p rocedure will depend on the following: 

(1) Whether all the variables, parameters and conditions upon 
which the force relation depends are, as a matter of fact, included in 
the list of a, 6, c . . . x, y, z • . . represented in the 
formula. 

(2) Whether, in point of fact, equality of condition between the 
two bodies, such as (juality of surface or geometrical form, is a. 
justification for assuming equal values of the function 

The latter of these two conditions merits some further considera- 
tion. It raises immediately the questions: 

Does geometrical form as such, and independent of absolute 
dimension, constitute an independent determining characteristic for 
force relations such as those under present consideration ? 

Does quality or material, or texture of surface (expressed usually 
in terms of smoothness or roughness), constitute an independent 
determining characteristic for force? and in particular, to what 
extent is the assumption of geometrical form as an independent 
parameter inconsistent with the assumption of equality of surface 
texture or smoothness ? 

Regarding the latter point, it is clear that, carried to the limit 
necessary in order to include molecular or short range forces, such 
as those responsible for the formation of turbulence near the skin of 
a body moving in a mobile medium, geometrical similarity and e<jual 
degrees of smoothness are mutually inconsistent. Geometrical simi- 
larity implies an increase of dimension in the irregularities consti- 
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tuting texture or roughness of surface. Equal degrees of roughness 
or life qualities of texture in bodies of different over-all dimension 
implies a lack of geometrical similarity carried to the limit of surface 
texture. 

Again including forces of molecular order the question may arise 
as to the influence of the actual substance of the surface as between 
the two bodies A and B. 

It seems clear that no course of abstract reasoning can serve to- - 
definitely determine the extent of inconsistency winch may be 
involved in these considerations. It seems equally clear that we 
must admit that the assumption of equal values of 4> % resulting from 
similar qualities or conditions on which & is assumed to depend, 
does not rest on an entirely rational foundation; or otherwise that 
such assumption can not be justified by abstract reasoning and the 
extent to which it may be justified must, therefore, be sought ulti- 
mately in actual experience. 

We find further, in some cases, thaiT it seems desirable to omit 
the influence due to certain parameters, especially in the a, 6, c 
class. In such cases again it is clear that experience alone can 
furnish a guide .as to the extent to which the assumptions above 
ou timed can be safely made and a law "of kinematic similitude use- 
fully employed. 

Having in view then the general problem and remembering the 
uncertainty whether all the parameters of the a, h, e class are included, 
the need occasionally of definitely omitting some of them and the 
lack of a complete rational basis for assuming equality in the numer- 
ical values of the & function, it is clear that the final justification 
for the use of a law of kinematic similitude must be sought in actual 
experience rather than in abstract reasoning. 

TnmiTig now more specifically to the screw propeller, the chief 
parameters on which the operation must depend may be listed as 
follows: 

(a) Characteristics of the propeller as a geometrical and physical body. 

(1) The diameter or general determining dimension. 

(2) The pitch o£ the helicoidal surface employed for the driving face. This 

may have two different modes of specification, viz.: 
(a) The single value of the pitch if uniform. 
lb) The distribution of values if variable. 

(3) The form of the contour bounding the blade or helicoidal surface em- 

ployed. 

(4) The area of the blade on the driving face. 

(5; The cross section or thickness of the olade. This may have two modes 
of specification, viz.: 

(a) Areas of cross sections and their distribution radially. 

(b) Forms of cross sections. 

(6) The form and dimensions of the hub or central body carrying the 

blades. 

(7) The character and finish, of the blade surface. 

(8) The density of the blade material. 

(9j The coefficient of elasticity of the blade material. 
(6) The characteristics of the medium. 

(10) Density. 

(11) Viscosity. 

(12) Compressibility (velocity of sound). 

(13) Character and extent of turbulence or departure from homogeneous 

conditions. 
<c) The characteristics of operation. 

S4) Speed of translation or speed of advance. 
5) Speed of rotation. 
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Characteristic (12) is most conveniently represented by the velocity 
of sound in the medium which, as is well known, is jointly dependent 
on the density and on the coefficient of elasticity. 

We have thus, without going too far into detail, some fifteen vari- 
ables or conditions, any one of which may exercise an important in- 
fluence on the results realized from the propeller. 

These various parameters, falling in part in the a, 5, c class and in 
part in the x, y, z class are in any case far too numerous to permit 
of the practicable development of a functional relation of the charac- 
ter contemplated. If, however, we assume full geometrical similarity 
then a single controlling; dimension, such as diameter or pitch, plus 
the assumed geometrical form, serves to completely define a given 
propeller, in geometrical form. 

We are, therefore, reduced to characteristics 1, 7, 8, 9, 10, 11, 12, 
13, 14, 15 plus form. Of these 1, 8, 9, 10, 11, 12, 14, 15 belong in 
the a, J, c class of parameter and 7, 13 plus form belong in the a?, y, 
z class. 

In order, therefore, to determine our functional relation, we must 
assume like conditions regarding 7 and 13, and this with similar forms 
is then assumed to justify the assumption of equal values of the 
variables representing them in the function fa. If this is indeed the 
case, we may omit x, y 7 z from the expression of the functional 
relation and write 

F=f (ato . . . ) * (Mafr . . .) ) (2) 

It only remains now to discuss the development of the form of the 

functions/ and fa. 
The theory of dimensional units, as is well known, furnishes the 

most general method for the determination of such functions and 

functional relations. 

Let us assume the following notation: 

T^ f THAT! sf n Y \ , 



Force (thrust), T. MLTr* 

Diameter, D L 

Density of blade material, A* Mir* 

Coefficient of elasticity of blade material, E Mir 1 T~* 

Density' of medium, A Mir* 

Viscosity of medium, fi ML~ 1 T~ l 

Velocity of sound in medium, TJ. LT' 1 

Velocity of advance, V. LT~ l 

Revolutions, N. T" 1 



Then, applying the theory of dimensional homogeneity, 1 we readily 
find * . 

r-^<™, jfa * }) „ 

We have now to examine the quantities entering into 4> in order 
to determine the conditions under which this function may be given 
the same value for two different propeller's. Obviously, to this end 
the five functions DN/V, nfDVA, U/V, EfV 2 ^, and AJA must have 
the same values for each propeller. 

The first condition is readily fulfilled, implying as it does that the 
two propellers are operating under equal slip, or, otherwise, that the 



i See Buckingham, "Transactions American Society of Mechanical Engineers." 1915. 



136 BEPOBr RATIONAL ADVISOBY COKIffltTEE FOE AEBOKAUilCS. 

ratio between the circumferential velocity at the tip of the blade and 
the speed of advance is the same in each case. 

With the second function, assuming each propeller working in air, 
we shalLhave the kinematic viscosity /x/A the same (except as the 
value may be modified by difference in pressure change in the air 
while passing through the propellers). .Then the remaining terras 
imply equal values of the product DV, or velocity varying inversely 
with the diameter. This is not an easy condition to be fulfilled, 
since it calls for very high values of V with reduced values of D. 

Again, if the medium is air for each propeller, the value of V will 
be the same in each case (except again as the characteristics of the 
air may be differently affected by ttue pressure changes in passing 
through the propellers) . This will require equal values of V in order 
that the ratio UfV may be the same m the two cases. 

With the fourth and fifth functions, assuming air as the medium 
in-each case, A will be the same, and hence A t the density of the blade 
material must also be the same. Then unless the values of E widely 
differ in their relation to J v it will follow that V z and V must be the 
same or nearly the same for the two forms A and 5. 

The introduction of these characteristics of the blade material, 
E and J x implies the consideration of some degree of distortion and 
hence change of form. The assumption of geometrical similarity 
in the two propellers implies either no distortion under load or distor- 
tion to like degree so that when under load the two forms will still be 

feometrically similar. ^ Taking into account centrifugal force in pro- 
ucing tension at any given cross section of the blade, the forces acting 
at rignt angles to the radius in producing bending stress and centri- 
fugal force in modifying such bending stress, it may be shown that 
like geometrical forms under load imply equal values of the two 
functions EIV*A X and AJA. That is, the conditions for equal values 
of <f> in the two cases are also the conditions which imply like geomet- 
rical forms when distorted under load. 

The five conditions, therefore, substantially reduce themselves to 
the following: 

(1) DN/Vthe same. 

(2) DV the same. 

(3) V the same. 

(4) EiV*\ the same. 

(5) A^A the same. 

Obviously conditions (1), (2), (3) are not independent. From any 
two the otlier must follow. j 

Obviously the only way in which these five conditions can be simul- 
taneously fulfilled is by making D, N ; V, W, and 6^ the same through- 
out, and thus the two cases become identical. 

In model experiments, however, we are only interested in such 
cases as will permit the use of different values of Z), a small value .for 
the. model and a larger value for the full-sized form. 

If, then, D is not the same, we may have the choice of simultaneously 
meeting conditions (1), (2), and (5), or (1), (3), (4), and (5). 

Condition (2) would require for the model very high values of V 
and would, therefore, be difficult of realization. Conditions (1), (3), 
(4), and (5) require the same values of YfDN, of F, of DN, of E, 
and of These conditions may be met, up to the point at least of 
the ability to produce, under experimental conditions, values of the 
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wind-stream velocity V and of the product DN, equal to those met 
with in actual practice. 

The omission of condition (2) is, furthermore, equivalent to neglect- 
ing the influence of viscosity, TVnere the movement is so excessively 
turbulent as that about an air propeller, this seems permissible with- 
out the danger of involving an error of sensible magnitude. 

in any event, in order to reach a practical solution of the problem 
we may omit the influence of viscosity, and the law of comparison 
commonly employed is then based on the remaining conditions (1), 
(3), (4), and (5), requiring for both model and full-sized propeller the 
following: 

(1) Equal values of the ratio V/ ND. 

(2) Equal values of the wind speed V and hence, 

(3) Equal values of the product DN. 

(4) The same material for both model and full-size propeller, or 
in any case equal values of E and of J t . 

With this understanding equation (3) becomes 

^'(rorAi) » 

The form of equation (4) is then equivalent to the assumption that 
under conditions giving constant values of these functions, me thrusts 
(or other like forces) on two propellers geometrically similar are 
related as the densities of the media, as the squares of the diameters 
and as the squares of the speeds. 

The forms of equations (3), (4) have been developed on the assump- 
tion that the force in question is any characteristic force such as 
thrust. The same general form and involving the same functions 
for the make up of <p will obviously hold for any other force. Hence 
the torque, the effective work, the useful work and the efficiency will 
also all be expressible in terms of the same functions which make up 
the functions <p. Hence the conditions for similarity with reference 
to work and efficiency axe identical with those for a characteristic 
force such as thrust. 

In particular we shall have for useful work P u and effective work 

P* 

P U =TV=<JD 2 V*&- 

But the relation between 2xDN and V may be readily thrown 
into and we may thus write 

P e =D*V*4> 2 . 

Hence 
Efficiency - p ~PJP e 

This equation is equivalent to the assumption that two propellers 
fulfilling the conditions for equal values of the functions 4> will have 
equal efficiencies. 

Experiment indicates that the influence of compressibility and of 
blade distortion are on the whole small and may, in many cases, 
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be neglected. "With this further departure from the conditions 
indicated by equation (3) we have 

or as it is usually more convenient to write 

T=JD>V><t>(jx) (5) 

This gives but a single condition, V/DN the same implying equal 
slips for model and full size propeller. . 

The equation in this form is then equivalent to the assumption 
that at equal values of VfDN, or of the slip, the thrusts (or other 
like forces) on two propellers, geometrically similar, are related as 
the densities of the media, as the squares of the diameters and as 
the squares of the speeds. Also that at equal values of VfND, or 
of the slip, the efficiencies willT>e equal. 

We have thus three factors, viscosity, compressibility and distor- 
tion, the influence of which, in determining the conditions of kinematic 
similitude, becomes of practical importance. As we have already 
seen, the first of these can not be readily included, while, to a degree at 
least, the other two can. Cases will often arise, however, when it 
will be desired to extend the results of model experiments to speeds 
other than those under which the experiments were made, and the 
extent to which error is thus introduced becomes of interest. 

A considerable amount of experimental data indicates that while 
the influence of these three factors is measurable under carefully con- 
trolled conditions and with due care in measurement, the aggregate 
error due to their omission is often not serious, and hence for many 
practical purposes the conditions of similitude as indicated in (6) 
will fiimish. satisfactory results. At the same time it is undoubtedly 
true that, so far as may be practicable, the speeds should be the same 
for both model and full-size propeller, thus including the influence of 
compressibility and distortion under load. 

The law of kinematic similitude, as actually applied, involves, there- 
fore, the possibility of error under two heads : 

(a) Departure from the conditions needed to insure equal values 
of the function <f> so far as dependent on the a, h, c class of variables, 
and as discussed just above. 

(6) Departure from the conditions needed to insure equal values 
of the function </> so far as dependent on the x, y, z class of variables, 
and as discussed at an earlier point. 

With these two possibilities in view it will be apparent that in its 
practical application the law of kinematic similitude must rest its 
authority and utility upon actual experience. To this end there are 
needed further carefully conducted experiments on models and full- 
size forms, similar geometrically, and under conditions calculated 
to furnish a somewhat more definite-measure of the influence of these 
various departures from the indicated conditions. 

With such relation established and expressed in terms of a series 
of factors or percentages, the use of the data derived from model 
experiments would be attended by increased confidence as to reli- 
ability and general availability for design purposes. 
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